pores that they fill (Gish and Jury, 1983; Meek et al., 1990; Scholl et al., 2014) . Thus, roots can take up water at higher water contents or matric potentials than laboratory-determined FC (van den Berg and Driessen, 2002; de Jong van Lier, 2017) as long as aeration (Meskini-Vishkaee et al., 2018) or low temperature stress is not severe.
Multiple factors affect soil water content in the root zone (Logsdon et al., 2010a (Logsdon et al., , 2014 : lateral additions and losses of water, vertical redistribution, stem flow, and enhanced water use in the row. As roots take up water and the root zone dries, the gradient reverses so that water moves up from the water table or wet subsoil by capillary action to continue providing water to the root zone (Allmaras et al., 1975; Logsdon et al., 2009) . Compensatory root water uptake occurs as some soil layers are dried, shifting water uptake to the wetter layers (Reicosky and Deaton, 1979; Sharp and Davies, 1985; Garrigues et al., 2006; Dara et al., 2015) . Once the water is mostly removed from these larger pores, roots will take up water from progressively smaller pores. Eventually the rate of water uptake slows down as the slow unsaturated hydraulic conductivity reduces the rate of water movement to the roots (Dexter et al., 2012) and the water table becomes too deep (or subsoil too dry) to contribute to upward capillary flux. Also, plants differ in their ability to use soil water.
Part of the difficulty is that FC is defined using traditional soil physics continuum math (i.e., Richard's Law) to describe soil processes (Reynolds, 2018) . The drainage action of importance is in the largest pore system, not the total pore system; therefore, FC should be described in terms of continuity of water films and air in the largest pores (Hunt and Gee, 2003) . Bouma (2018) has pointed out that science is shifting away from "bucket" type models that rely on vague cutoff values for FC and "wilting point" to process-based models based on continuums, not cutoff values.
It is important to measure field water use to determine how much soil water is really available to plants. The concepts of FC and wilting point often bear little resemblance to how much water plants actually use in the field (Ratliff et al., 1983; Romano et al., 2011; Horne and Scotter, 2016; de Jong van Lier, 2017) . A few well-designed field studies, such as that by Horne and Scotter (2016) , would shed more light on plant-available water than do thousands of laboratory-determined endpoints.
Studies on pothole-type topography show crop yield variability from year-to-year (Kaspar et al., 2003 (Kaspar et al., , 2004 . In wet years, the low areas have low yield due to high water table and cooler soil. In dry years, the low areas have higher yield due to extra water and upward movement from the water table. The most consistent yields across years are at mid-elevation positions. New approaches to quantify the amount of plant-available water will help growers adapt to crop production limitations of water surplus or depletion. The purpose of this study is to demonstrate data inconsistent with the concept of FC at a specified pressure head being the upper limit of available water.
MAtErIALs AND MEtHODs reexamined Field Data
Existing field studies were reexamined (Table 1) . These studies were conducted on the Des Moines lobe with dominant soils of Clarion (fine-loamy, mixed, superactive, mesic Typic Hapludolls), Nicollet (fine-loamy, mixed superactive, mesic Aquic Hapludolls), Canisteo (fin-loamy, mixed, superactive, calcareous, mesic Typic Hapludolls), Webster (fine-loamy, mixed superactive, mesic Typic Endoaquolls), and Okoboji (fine, smectitic, mesic Cumulic Vertic Endaquolls) (Soil Survey Staff, 2010) . Unpublished data from the study by Logsdon et al. (1999) included periodic tensiometer data at 14 sites (varying drainage class) at 0.33-, 0.5-, 0.66-, and 0.95-m depths for water table depths from near the soil surface to 3 m deep. Logsdon et al. (2009 Logsdon et al. ( , 2010b included soil water content data by water content reflectometers (CS616, Campbell Scientific). Logsdon et al. (2009 Logsdon et al. ( , 2010b documented upward flow from the water table. This was combined with many other studies also showing upward flow of water into the root zone. Unpublished data from the study by Logsdon et al. (2009) examined evapotranspiration (ET, from eddy covariance) dynamics after a rain event. Logsdon (2015) included measurement of water content (CS616 and neutron probe), and eddy covariance ET.
After an overnight rain, ET resumes at daybreak. Although some of this ET is evaporation from water intercepted by the canopy and from the soil, any further atmospheric demand would come from transpiration. To estimate the amount of water evaporating from canopy interception, the fraction of ET coming from interception was table 1. Data available from previous studies. PsA is particle size analysis, Cs616 is water content reflectometer, and FC is field capacity.
Study
Sites Weather station † Up refers to upward flow of water into the root zone. ‡ Cutoff refers to soil being wetter than -333 cm pressure head. § Deep refers to compensatory water uptake deeper as surface soil layers dry out. ¶ Drain refers to start of transpiration while soils are still draining. assumed to be 100% at 0600 h and 0% at 0930 h (to a maximum of total interception amount), with a linear relation between (Kabela et al., 2009) . Of course, this study was based on dew rather than crop interception, but it is a first approximation.
The Priestley-Taylor (Priestley and Taylor, 1972) ET calculation procedure of Logsdon et al. (2019) was used on a conventional corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] plot (well-drained Clarion loam) for the same study but for 2018 data (a wet year). The procedure splits evaporation from transpiration as described by Kendy et al. (2003) . Calculation of ET for four dates (1 July 2018, 5 July 2018, 1 Aug. 2018, and 20 Aug. 2018) were used to split out ET between evaporation from canopy interception, evaporation from soil, and transpiration.
Laboratory study
Moist soil (Webster clay loam) was manually mixed with compost (2:1 ratio) and packed into PVC columns 15 cm in diameter and 50 cm long, each with a drainhole at the bottom. Six columns had no plants and six columns were planted to oat (Avena sativa L.), arranged randomly under brooder clamp light reflectors (Bayco, Wylie, TX) used with 6500K daylight compact fluorescent bulbs. A timer set the lights to be on 12 h d -1 , and the temperature ranged from 18 to 28°C. After emergence, the oat columns were thinned to five plants per column.
When oat plants were 35 to 40 cm high (~7 wk after planting), infiltration tests were run for control and oat columns. Columns were weighed before the infiltration test. Water was added to each column until drainage started, and the amount of added water was recorded. Time to initial drainage and the drainage amount were recorded. Then the final column weight was measured. Evapotranspiration was calculated as water added -drainage -water stored. The two treatments (with and without oat) were tested for significant differences between total drainage time, drainage amount, and ET by t test
rEsULts AND DIsCUssION
Below a series of examples are described to suggest that laboratory cutoff pressure heads for FC do not relate to field reality.
The first example (Table 2) demonstrates that roots take up water that had been below the root zone; therefore "available" water within the root zone is an incomplete description. Published studies documented that the capillary rise contribution to ET was up to 88% for areas with water tables from 0.5 to 2.1 m below the soil surface (Table 2) . Logsdon et al. (2009) showed that the upward flow was sustained starting 7 d after the rain and continued until the next rain (Fig. 1) .
The second example suggests that the arbitrary cutoff pressure head of -333 cm is meaningless for field situations. Tensiometer pressure heads rarely even got as dry as -333 cm, supposed FC (Table 3) . Of course, tensiometers went dry (inoperable) beyond ~-800 cm, so the driest range was excluded. Still, median pressure heads ranged from -45 to -107 cm at 0.33 m depth, even for well-drained soils. Since much of the time, the soils were wetter than -333 cm, roots were undoubtedly able to use water above this cutoff. Often hydrology data better fits estimates if a wetter value is used for FC (Vanderlinden et al., 2005; Williamson et al., 2013; Armindo and Wendroth, 2016) .
The third example concerns compensatory water uptake, i.e., that the root zone is not fixed but varies with soil conditions. As shown by others (Allmaras et al., 1975; Reicosky and Deaton, 1979; Stone et al., 2001; Logsdon et al., 2009 ), data from the study of Logsdon (2015) showed soil water uptake shifting to deeper layers as the surface layers dried (Fig. 2) , indicating compensatory water uptake. The root zone expands as the initial root zone dries out; therefore, using a fixed maximum rooting depth would not be appropriate across multiple years and weather conditions (Horne and Scotter, 2016) .
The fourth set of examples suggest that roots take up water even while water is still draining from the root zone, which might be difficult to describe in some capacity-based models that do not allow drainage and water uptake at the same time. Data from Logsdon et al. (2009) showed that ET started <2 h after the early morning rain started, or as soon as atmospheric demand picked up ( Fig. 3) . Of course, much of the early ET would be from water intercepted on leaves and the wet soil surface. Still, root water uptake would begin as soon as the evaporation demand exceeded that pool of water, certainly less than a day after the rain, while the water was still draining. Evapotranspiration as calculated by Logsdon et al. (2019) showed that larger rains occurred at night and were over by late evening (2200 h) or early morning (0200-0400 h). Then there was a longer transpiration lag time for rains ending late evening since ET did not resume until between 0600 and 0800 h the next day (Table 4) , which also allowed more drainage time. Still transpiration resumed within 10 h after the end of the rain, while soil was still draining. Evaporation of water from the canopy remained a small fraction of total ET, and evaporation from soil became a smaller fraction of ET as the season progressed from early July to mid-August for these four rain events. The way evaporation was split from transpiration (based on plant cover compared with soil cover) might have overestimated the component of evaporation from soil because ET could be mainly from the top part of the canopy. Logsdon (2013) reported data from Logsdon et al. (2009) , which showed that during the growing season, the most shallow water table depths were during the rain or up to 6 h after the rain was done, whereas after the growing season, the peak water table was delayed 9 to 23 h after the rain ended (Table 5 ). This suggests that drainage ceases more rapidly when roots are transpiring than when living plants are not present, which is obvious. Using FC determined from a field without crops should not be applied when crops are present. Together these examples strongly suggest that laboratory defined FC at a specified pressure head might not be a realistic upper bound for plant-available water.
The laboratory column study showed no significant difference between columns without or with oat for drainage time (control 844 s and oat 1262 s) or drainage amount (control 71.6 mL table 3. tensiometer pressure head ranges from 1993 to 1995 for 14 sites (Logsdon et al., 1999) . the sites are described by drainage class: WD, well drained; PD, poorly drained; VPD, very poorly drained; MWD, moderately well drained; sPD, somewhat poorly drained. the ranges are given by minimum (min.), median (med.), and maximum (max.) values, and n is the number of measurements with useful data. and oat 61.9 mL).The oat columns did have significantly more ET (control 21.1 mL, oat 97.7 mL), which occurred in less than 24 h. There appeared a weak relation between plant height and ET for five of the six oat columns (Fig. 4) . This study suggested that transpiration could begin within a day of soil wetting, but there was no support for transpiration reducing the drainage time.
CONCLUsIONs
A considerable portion of transpired water may come from below the root zone. In some areas with shallow water table depths, soil water pressure heads are rarely as negative as -333 cm, suggesting that water is available to plants even when the soil is wetter than "laboratory-measured FC" at a specified pressure head. The possible root zone might become deeper as shallow soil is dried, so the root zone is not a fix depth or volume. There are strong indications that transpiration began soon after a rain ends and would not be delayed for drainage to cease. Together these data sets suggest that the concept of FC at a particular cutoff pressure head would not be the upper level of "available water." Perhaps using field-determined "drained upper limit" after 24 h instead of laboratory FC at -333 cm would solve some, but not all, of these issues. A completely new framework for plant-available water might be able to address all the issues. There have been attempts to examine FC as dynamic (Twarakavi et al., 2009; Assouline and Or, 2014; Reynolds, 2018) ; however, these theoretical analyses do not include plants.
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